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The response of shear thickening fluids (STFs) under ballistic impact has received 
considerable attention due to its field-responsive nature. While efforts have primarily 
focused on the response of traditional ballistic fabrics impregnated with fluids, the 
response of pure STFs to penetration has received limited attention. In the present 
study, the ballistic response of pure STFs is investigated and the effect of fluid density 
and particle strength on ballistic performance is isolated. The loss of ballistic resis- 
tance of STFs at higher impact velocities is governed by particle strength, indicating 
the range of velocities over which they may provide effective armor solutions. 
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There is considerable interest in producing novel flexible armour systems by embedding 
shear thickening fluids (STFs) in ballistic fabrics 1-4 . These fluids are field responsive and 
can undergo a sudden fluid-solid transition under certain stimulii 5-8 . Extensive dynamic 
characterizations of STFs have been conducted at low stresses, primarily with rheometers 5 ' 6 
or split-Hopkinson pressure bars 9 , which are not directly relevant to the dynamic high stress 
environment of a ballistic impact event. Recent experimental and analytical investigations of 
dense particulate suspensions under high-speed plate loading, effectively a one-dimensional 
ballistic impact, demonstrated that bulk dynamic strength effects resulted from a meso- 
scopic deformation leading to the formation of force-carrying chains within the suspended 
particles 10-13 . In the present study, we investigate the dominant role of the particle strength 
in determining the ballistic response of STFs through variations of the suspended particle 
materials. 

While the ballistic response of hybrid fluid-fabric armor concepts has previously been 
tested in various configurations 2-4 , the fluid-fabric coupling complicates identifying the bal- 
listic response of the STFs themselves. For instance, ballistic studies have demonstrated 
that embedding fabrics with STFs increased the protection provided by those fabrics un- 
der ballistic testing 2-4 ; however, a loss of performance is seen among impregnated fabrics 
when multiple layers and higher penetration velocities are considered, where the neat Kevlar 
fabrics outperform the embedded fabrics on an absolute basis 3 . Attributing this loss of per- 
formance to either the fluid or fabric component is difficult due to the coupling between the 
components of the system. As such, a thorough investigation of the ballistic response of 
pure STFs is necessary to elucidate their strength limitations at these extreme strain rates 
and stresses. 

Kalman et al. 4 demonstrated that increased ballistic performance of impregnated Kevlars 
correlated to the material strength of the embedded particles, whereby introducing silica 
particles resulted in a higher ballistic limit than introducing softer polymethalmethacrylate 
particles into the fabrics. Demonstrating the primary importance of particle strength effects 
in the STF response, it was found that impregnating Kevlar fabrics with particles which 
were either suspended in a fluid (as a STF) or introduced with a solvent and dried were 
comparably effective at increasing the ballistic limit of the fabrics investigated. 

During a ballistic impact event, the penetration process involves a complex stress state 
surrounding the projectile, with significant compressive and shear stresses. Under these con- 
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FIG. 1. Schematic of an STF suspension (a) in equilibrium prior to ballistic penetration and (b) a 
sectioned view of the projectile penetrating the suspension and the related mesostructural changes 
to the particle distribution, (c) Top and side views of a chisel-nosed FSP. The hatched region on 
the top view schematic represents the chisel-nosed cross-sectional area of the FSP. 



ditions, in additional to the traditional shear thickening mechanism 8 , a compression-induced 
clustering of particulates 10 ' 11 , analogous to granular jamming 14 , may result in extensive par- 
ticle force chains forming around the projectile (Fig. 1). Prior ballistic studies considered 
traditional STFs where the strength of the solid particulate (silica or polymers) was exceeded 
by the pressures generated in the ballistic impacts investigated 1-4 . The in situ formation 
of force chains implies that the ballistic limitations of STFs should be directly related to 
the strength of the suspended particles. If particle fracture occurs during force chain forma- 
tion, high arresting stresses cannot be maintained on the projectile leading to a drop in the 
ballistic resistance of the suspension. 

We investigate this hypothesis by studying the ballistic penetration of several STFs, a 
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FIG. 2. Photographs of the FSP (a) entering and (b) exiting the test capsule. 

dilute suspension, and neat ethylene glycol (the suspending medium for all of the mixtures 
under consideration). The suspended particulate phase of the STFs was varied in a manner 
that interrogates the influence of the material strength of the particles on penetration resis- 
tance. The experimental ballistic penetration results are presented in reference to a simple 
density-based penetration model to highlight the strength limitations of the various STFs. 

The penetration resistance was investigated through the ability of the fluids to decelerate a 
17 grain (1.1 g) chisel-nosed mild steel NATO-standard fragment simulating projectile (FSP), 
shown schematically in Fig. 1. The samples were tested in a cylindrical aluminum capsule 
with an internal diameter of 38 mm and a length of 64 mm. Mylar diaphragms (0.1 mm 
thick), which were found to have a negligible influence on the experimental results, were 
used to confine the fluid samples in the capsules during the experiments. The target capsule 
was positioned close to the end of the smooth-bore gas-gun barrel in order to minimize 
the projectile yaw at the impact face. The incident and exit velocities of the FSP were 
measured with a Photron SA5 ultra high-speed camera operating at 20,000 fps. A set of 
images taken of the incident and exiting projectile are shown in Fig. 2. The deceleration of 
the FSP through the various mixtures was investigated over an incident velocity range of 
310 to 830 m/s. 

The investigation involved several mixtures, the proportions of which are given in Table I. 
The components of the various mixtures included liquid ethylene glycol, silica (Fiber Optic 
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TABLE I. Summary of the mixture compositions investigated in the present study. 









Solid Mass 


Solid Volume 


Density 




Sample Name 


Liquid Component 


Solid Component (s) 


Fraction (%) 


Fraction (%) 


(g/cm 3 ) 


STF 


EG 


Ethylene Glycol 


n/a 


n/a 


n/a 


1.11 


No 


54 CS 


Ethylene Glycol 


Cornstarch 


62.0 


54.0 


1.35 


Yes 


21 SiC 


Ethylene Glycol 


Silicon Carbide 


44.2 


21.5 


1.57 


No 


61 S1O2 


Ethylene Glycol 


Silicon Dioxide 


72.5 


61.5 


1.57 


Yes 






Silicon Dioxide 


50.2 


47.6 






61 Mix 


Ethylene Glycol 








1.76 


Yes 






Silicon Carbide 


25.5 


13.9 







Center, monodisperse spheres, d — 1 jum), a-silicon carbide (Washington Mills, irregular 
morphology, d mean = 5 /mi), and cornstarch (Fleichmann, d mean = 10 /mi). The three types 
of solid components in the STFs have drastically different material strengths. In order of 
increasing yield strength, the materials are cornstarch, silica and silicon carbide. It should 
be noted that the silica particles had a micro-porous structure (with 16% void by volume), 
resulting in a bulk particle density of 1.85 g/cm 3 . The bulk particle density of the silica 
particles considered in the present study is consistent with the density of the silica used in 
previous ballistic experiments involving silica-based STFs 2 . This significant void fraction in 
the silica particles would have an adverse affect the yield strength of the silica particles. 

Of the mixtures that are summarized in Table I, three of the mixtures investigated exhibit 
discontinuous shear thickening behaviors: 54 CS, 61 Si02, and 61 Mix. The 21 SiC mixture, 
a dilute suspension that did not exhibit STF behavior, was used for a density-matched com- 
parison to the 61 Si02 mixture that did behave as a STF. The measured velocity decrements 
of the FSP are compared between test mixtures as a means of evaluating the competition 
between the mixture density and the material strength of the suspended solid phase as the 
dominant factor in the ballistic resistance of the various STFs. 

A simple analytical hydrodynamic penetration model, assuming ideal plug formation and 
no material strength in the target, can be used to investigate density-dominated penetration 
behavior. The assumptions inherent in this model are: (?) the projectile drives a plug 
through the target with a cross-sectional area equal to that of the chisel nose (Fig. lc), (ii) 
the target material has no material strength, and (iii) the impact and penetration process 
is perfectly plastic, resulting in identical final velocities of the projectile and plug. The 
assumption concerning the cross-sectional area of the plug accounts for the divergence of 
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material around the projectile tip. The model can therefore be adequately described by 
conserving momentum through the equation, 



p p L p ■ Vi = (ppL p + p t L t A r ) ■ V f 



(1) 



where L is the length, p is the density, A r is the area ratio of the chisel nose to the projected 
area of the FSP, V, is the incident projectile velocity, Vf is the projectile velocity on exit, 
and the subscripts p and t refer to the projectile and target respectively. The area ratio can 
be determined from geometric considerations such that, 



where D is the diameter of the FSP and W is the width of the chisel nose, 5.38 mm and 
2.54 mm, respectively, for a 17 grain chisel-nosed FSP. 

While this penetration model is extremely simple, it predicts that for a given target 
density and capsule size, the velocity decrement through the sample normalized by the 
incident projectile velocity is independent of the incident velocity (Fig. 3), which accurately 
reproduces the experimental trends observed. The invariance of this normalized velocity 
decrement provides a means of investigating the effect of dynamic material strength on 
ballistic penetration by comparing the experimental results with a purely density-based 
penetration behavior. 

The result of the simple model, calculated for a target with the density of ethylene glycol 
(EG), is represented in Fig. 3 by a solid line. Experimentally, three fluids tested in the 
present study (EG, 21 SiC, and 54 CS) were found to follow the trend predicted by the 
simple model, despite the fact that 54 CS is an STF. The two mixtures which deviated from 
this behavior were the 61 Si02 and 61 Mix, both STFs (see Table I). 

The 61 Si02 and 61 Mix mixtures showed similar deviations from a purely density domi- 
nated behaviour as predicted by the model. At lower velocities, both mixtures were effective 
at stopping or decelerating the projectile. At higher velocities, their normalized decelera- 
tion asymptoted toward a density dominated deceleration, independant of further increases 
in the incident projectile velocity. Therefore, the results point to a transition in behav- 
ior, where the low velocity penetration is dominated by the dynamic material strength and 
higher velocity penetration is dominated by the mixture density. 



A r = 1 - i 



• (0 - sin9) 



(2) 
(3) 
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This transition is particularly evident when a comparison is made between two mixtures 
with the same density, 61 SiC>2 and 21 SiC, the former being a STF. The convergence in 
projectile deceleration at high impact velocities is evident when the variation in deceleration 
of each mixture is plotted without normalization (Fig. 4). At low impact velocities, the 
ballistic results suggest that the onset of a dynamic material strength in 61 SiC>2 dominates 
and enhances its resistance to penetration. However, at higher impact velocities, this effect 
is less important and the bulk mixture density dominates the dynamic response, evidenced 
by the convergence of the ballistic results for the mixtures. 

Comparing the results for the three STFs on the basis of their transition to a target 
density-dominated behavior in Fig. 3, the effect of the particle strength is clearly evident. 
While the mixtures containing ceramic particles (61 Si02 and 61 Mix) have a noticeable 
material strength response at lower impact velocities, no such effect is seen in the results 
with the 54 CS STF. Due to the low yield strength of cornstarch, the 54 CS mixture exhibits 
a density-dominated response similar to the trend from the hydrodynamic penetration model 
and the 21 SiC and EG experiments. 

Considering the results of the 61 Si02 and 61 Mix (Fig. 3), the particle strength effect on 
ballistic penetration is most pronounced. Both of these mixtures have identical solid phase 
volume fractions, the only difference being the proportion of silica and silicon carbide in 
the two mixtures (Table I). The addition of a small volume of silicon carbide extended the 
incident velocity range over which the material strength dominated the ballistic response 
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FIG. 3. A comparison of the change in FSP velocity normalized by the incident velocity of the 
FSP for the various mixtures tested. 
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FIG. 4. A comparison of the penetration response of two mixtures with the same bulk density, 
21 SiC and 61 Si02, that isolates the shear thickening contribution to the ballistic resistance offered 
by the fluids. 

of the STF. The higher yield strength of the silicon carbide particles in comparison to that 
of porous silica led to the increased ballistic resistance of the 61 Mix STF. This increased 
resistance resulted in delaying the transition from material strength to density-dominated 
penetration resistance to higher incident projectile velocities. 

A fluid-solid transition can be triggered in dense suspensions when the rate of relative 
particle displacement exceeds the rate of particle relaxation, leading to the development of 
stress-bearing disordered structures, which has been shown to occur under both shear 5-7 
and high-speed uniaxial compression 10-13 . Consequently, increasing the loading rate beyond 
the critical rate for the onset of this transition could not explain the diminished effect of 
shear thickening on penetration resistance at higher impact velocities as suggested by Tan 
et al 3 . If we consider that the dynamic response involves mesostructural reorganization and 
the formation of clustered particles, the strength of the suspended particles becomes an 
important parameter in the dynamic response of the STF. If the dynamic strength of the 
particles is exceeded, local particle fracture and deformation would result in a loss of strength 
in the stiffened mixture. Under the extreme stresses associated with ballistic impact events, 
localized particle fracturing can be important. Once the strength of the materials forming 
the clusters within the STF is exceeded, the material response is dominated simply by its 
bulk density. 
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